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We describe a cavity-enhanced spontaneous parametric down-conversion (CE-SPDC) source for
narrowband photon pairs with filters such that over 97% of the correlated photons are in a single
mode of 4.3(4) MHz bandwidth. Type-II phase matching, a tuneable-birefringence resonator, MHz-
resolution pump tuning, and tuneable Fabry-Perot filters are used to achieve independent signal
and idler tuning. We map the CE-SPDC spectrum using difference frequency generation to pre-
cisely locate the emission clusters, and demonstrate CE-SPDC driven atomic spectroscopy. The
generated photon pairs efficiently interact with neutral rubidium, a well-developed system for quan-
tum networking and quantum simulation. The techniques are readily extensible to other material
systems.
Light-matter quantum interface technologies are built
upon the coherent interaction of non-classical light with
material quantum systems [1]. Several suitable mate-
rial systems have been developed, including single atoms
[2], ions [3] and molecules [4], as well as ensembles of
atoms [5], ions [6], and impurities in solids [7]. Such
light-matter interfaces employ resonant or near-resonant
optical response of the material to achieve a strong inter-
action with propagating [8] or cavity-bound [9] photons.
The participating photons must be matched to the opti-
cal transitions of the material system, requiring a control
of spatial mode, frequency and bandwidth, with negligi-
ble contamination by photons of unwanted frequencies.
The workhorse method for tailoring the properties of pho-
ton pairs is cavity-enhanced (CE) spontaneous paramet-
ric downconversion (SPDC) [10]. In CE-SPDC, high-
frequency “pump” photons from a laser spontaneously
decay to produce time-correlated pairs of lower-frequency
“signal” and “idler” photons in a nonlinear crystal. The
crystal is contained within an optical resonator that both
enhances the spectral brightness via the Purcell effect
[11], and determines the possible spatial modes, frequen-
cies and bandwidth of emission.
CE-SPDC has proven to be a reliable technique to gen-
erate bright [12] and narrowband photons for interaction
with matter [13–18]. Several works have used heralded
single photons from CE-SPDC to excite single trapped
atoms, quantum dots and solid state quantum memories
[19–28], while a few have used photon pairs in resonant
interaction with a single system [29], and even with two
distinct systems via optical frequency conversion [30, 31].
All these material-resonant sources could tune one of the
output photons, sometimes over a large range[26], with a
consequent effect on the other photon’s frequency. To
date, however, no CE-SPDC source has been demon-
strated with independent tuning of the CE-SPDC signal
and idler. Though this is not required for applications
that employ one of the photons as a herald, there are
tasks in quantum light-matter interactions that require
this capability. For example, driving multi-photon pro-
cesses in a single material system, or direct interaction
with distinct systems. Most material systems of interest
have multiple, closely-spaced internal levels due to, e.g.,
hyperfine splitting, and multi-photon processes among
these internal levels, e.g. stimulated Raman transitions,
involve photons of different frequencies. Many of them
also experience environment-induced energy shifts, e.g.
crystal field shifts in solids or trap-induced level shifts
in vacuum. To address specific transitions in these, a
general-purpose CE-SPDC source should have indepen-
dent tuning of the frequencies of signal and idler, derived
from an absolute frequency reference, e.g. an atomic or
molecular spectroscopic feature. Here we describe such
a source, designed for resonant excitation of optically-
trapped atomic rubidium, a well-developed system for
strong light-matter interactions in free space [2, 8, 32–36].
Using a combination of time-correlated photon counting
and atomic spectroscopic methods, we demonstrate a sin-
gle mode output and independent tuneability over the
D1 line, a preferred line for slow and stopped light, quan-
tum memories, and proposals for atom-mediated photon-
photon interactions. While the CE-SPDC apparatus is
designed to produce photon pairs that can interact with
this single system, our techniques can be readily applied
to other wavelengths for interaction with other material
systems or combinations of them.
Such a source opens the way for studies of resonant
multi-photon effects at the most fundamental, individual-
quantum level. One major motivation for such studies
are the many proposals for strong photon-photon inter-
actions [37–43], of interest to quantum information pro-
cessing. To date these mechanisms have only been tested
with classical light [44–46].
The article is organized as follows: In section I we
describe the CE-SPDC source. In section II we theoret-
ically model the CE-SPDC spectrum and use difference
frequency generation to measure the model parameters.
In section III we describe the design and construction
of a tunable filter capable of efficiently transmitting a
single CE-SPDC mode while blocking all other modes.
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FIG. 1: Schematic of lasers and CE-SPDC source. a) Laser systems. A distributed Bragg reflector at 795 nm, locked to a
transition of the 87Rb D1 line, is upconverted by second harmonic generation (SHG). The undepleted 795 nm light is frequency
shifted with an acousto-optic modulator (AOM) and used to lock the CE-SPDC cavity. An external-cavity diode laser at
397 nm is stabilized relative to the 795 nm second harmonic by a beat-note lock. b) Narrowband pair source, consisting of a
bow-tie cavity containing an SPDC crystal (PPKTP), pumped by the ECDL and a tuning crystal (KTP). The locking beam
enters the cavity through the out-coupling mirror (M4) and co-propagates with pump, signal and idler. Transmission of the
locking beam through mirror M2 is used to stabilize the cavity length. The chopper blocks the locking beam when the photons
are collected. Signal and idler photons are split based on polarization. PBS: polarizing beamsplitter, λ/2: half-wave plate,
λ/4: quarter-wave plate, PD: photodetector.
In section IV we present measurements to characterize
the resulting downconverted photon pairs and demon-
strate their independent tuneability by rubidium vapour
absorption spectroscopy.
I. EXPERIMENTAL SETUP
To produce independently-tunable photon pairs with
frequencies and linewidths suitable for interaction with
the Rb D1 line, we constructed a CE-SPDC source, with
auxiliary Fabry-Perot (FP) filters.
A. The Cavity Enhanced SPDC source
The experimental set-up is shown schematically in Fig-
ure 1. The CE-SPDC optical resonator is in a bow-
tie configuration of four mirrors (Figure 1B), with the
two closest to the SPDC crystal being concave, to pro-
duce a cavity mode with a 30 µm beam waist inside
the SPDC crystal. Mirrors M1 to M3 are coated for
99.9 % reflectivity at 795 nm whereas the outcoupling
mirror M4 has nominal reflectivity of 97 % at this wave-
length. Scattering losses from the super-polished, ion-
beam sputtered mirrors are negligible, and the weak
transmission of M1, M2 and M3 is useful for locking
and probing the cavity resonances. These four mirrors
form a resonator for the 795 nm signal and idler pho-
tons, whereas the 397 nm pump light is not resonated
because the same mirror coatings are largely transparent
for this wavelength. See Wolfgramm et al. [14] for more
details of the cavity construction. The SPDC occurs in
a 20 mm long periodically-poled potassium titanyl phos-
phate (PPKTP) crystal (henceforth called SPDC crys-
tal), with a poling period of 9.4 µm to enable Type-II
phase matching from vertically-polarized (V ) pump to
vertically-polarized signal and horizontally-polarized (H)
idler beams. The pump is focused into the SPDC crys-
tal with a beam waist of 30 µm, exits through M2 and
is blocked. Throughtout this article we use subscripts
p, s and i, to refer to physical quantities pertaining to
the pump, signal and idler respectively. The FWHM of
the crystal phase-matching efficiency was calculated to
be 148 GHz [47] at this wavelength. The cavity length
can be adjusted via a piezo-electric actuator on mirror
M3. The cavity also contains an unpoled KTP crystal
(tuning crystal) with the same dimensions as the PPKTP
crystal and with the optical axis aligned parallel to that
of the PPKTP crystal. The birefringence of the tuning
crystal alters the round-trip optical path length of the
signal relative to the idler and thereby provides a degree
of freedom for independently tuning the signal and idler
cavity resonances. Both the SPDC and tuning crystals
are mounted in PTFE (teflon) ovens with optical access.
The crystals’ temperatures are independently controlled
using Peltier elements and NTC thermistors, with the
controllers being an analog PID with its set point fixed
by a microcontroller. This technique gives a temperature
resolution of ≈ 5 mK and a long-term stability of 1 mK.
3The effective cavity length is 610 mm. To make a clas-
sical measurement of the cavity linewidth and finesse,
we perform cavity transmission spectroscopy. We scan
the frequency of a 795 nm distributed Bragg reflector
(DBR) laser, which enters the cavity via M4 and is col-
lected behind M2. We simultaneously collect Rb D1 satu-
rated absorption spectra as an absolute frequency refer-
ence. We observe transmission resonances of linewidth
8.8(4) MHz, which, when adjusted for the 1.2(5) MHz
short-term linewidth of the DBR laser, implies a cav-
ity (power) decay rate of γ = 2pi × 7.6(6) MHz. We
note that the signal or idler FWHM linewidth emitted
by SPDC with a single-frequency pump and equal decay
rates for signal and idler is γ (21/2 − 1)1/2 ≈ 0.64γ [48].
Thus a photon from our source is expected to have a
linewidth of 4.9(4) MHz, similar to the 5.75 MHz natural
linewidth of the D1 transition, 52S1/2 to 5
2P1/2 in Rb.
The Free Spectral Range (FSR) of the signal and idler
are slightly different due to the birefringence induced dif-
ference in optical path length between them. The same
cavity spectroscopy technique also allows us to measure
FSRs and FSRi, from which we compute FSRmean ≡
(FSRs + FSRi)/2 = 496(8) MHz. The observed γ and
FSRmean values are consistent with the cavity finesse (F)
of 66 predicted from the measured outcoupler transmis-
sion and the reflection losses on the faces of the crystal
[47]. The difference ∆FSR ≡ FSRs−FSRi = 3.5(5) MHz
can be more precisely estimated by difference frequency
generation (DFG), as described in section II B.
B. Frequency stabilisation scheme for tuneable
photon pairs
A schematic of the frequency control setup is shown
in Figure 1A) and a diagrammatic representation of the
relevant frequencies is shown in Figure 2. Light from
a 795 nm DBR laser diode is double-passed through an
acousto-optic modulator (AOM) driven by an amplified
voltage-controlled oscillator (VCO), and stabilized to a
desired transition in the 87Rb D1 spectrum at frequency
νref using saturated absorption spectroscopy. The laser
beam, at frequency νlaser = νref − νAOM1 is upconverted
to νSHG, equal to 2νlaser, by second-harmonic generation
(SHG) in a PPKTP crystal in a single pass configura-
tion. The upconverted light is separated using a dichroic
mirror and the unconverted 795 nm light is double-passed
through a second AOM, thereby shifting its frequency to
νlock = νlaser +νAOM2 and adding a weak frequency mod-
ulation at 2.7 MHz to enable a dither lock of the SPDC
cavity. The tuning range of the AOMs allows νAOM1 and
νAOM2 to be independently set in the range from 156 MHz
to 164 MHz. Thus νlock can be detuned from the atomic
transition frequency νref by νAOM2 − νAOM1, to account
for light induced frequency shifts in the trapped cold
atom(s). This locking light is passed through a spinning-
blade mechanical chopper and matched in spatial mode
and polarization to the V polarised signal mode of the
FIG. 2: Illustration of frequencies employed in the CE-
SPDC source. Scenario shown achieves the configuration:
νs tuned to the (light-shifted) F = 2 → F ′ = 1 transi-
tion and νi tuned to the (light-shifted) F = 2 → F ′ = 2
transition of the 87Rb D1 line. Top graph (“atoms”) shows
the saturated absorption spectrum (in blue) with light-shifted
transitions shown below the horizontal axis in green. Middle
section (“lasers”) shows frequency relationships among fre-
quencies described in the text. Frequency separations are not
to scale. Lower section (“cavity”) shows cavity spectrum in-
cluding signal (red) and idler (orange) modes. The ∆FSR
and γ are exaggerated for clarity.
cavity. A small fraction of this light exits the cavity by
transmission through M2 and is collected on PD1, the sig-
nal of which is demodulated to obtain an error signal and
fed back by a proportional-integral controller to the piezo
on M3, thereby stabilizing the signal mode of the SPDC
cavity to νlock. The chopper blocks the cavity-detector
path whenever the laser-cavity path is open, preventing
locking photons from reaching the detectors.
With the signal mode stabilized to νs = νlock, the idler
mode is also stabilized, at frequency νi = νs+∆ν, where
the offset ∆ν is determined by the birefringence of the
SPDC and tuning crystals in the cavity. ∆ν is controlled
via the temperature of the tuning crystal. The SPDC
crystal’s temperature is maintained at a value that gives
efficient phase-matching, as described in section IV B.
A grating stabilised external-cavity diode laser
(ECDL) with a central wavelength at 397.5 nm is used
as the SPDC pump. A portion of the light from this
laser is mode-matched to the upconverted light at 2νlaser
4produced by SHG, and detected using an amplified sili-
con detector with a bandwidth of 1.5 GHz. The result-
ing beat note is stabilized by feeding the detector sig-
nal to a radio-frequency digital phase-locked loop (PLL)
(ADF4111 from Analog Devices), and using the output of
the PLL to stabilise the frequency of the pump laser. The
resulting frequency lock allows us to lock the pump laser
frequency within the range 80 MHz 6| νpump − 2νlaser |6
1.5 GHz. The pump frequency is chosen to achieve the
energy conservation condition νs + νi = νp.
With this scheme, we can generate degenerate or non-
degenerate photons at 795 nm up to a maximum fre-
quency difference between signal and idler photons of
1.18 GHz, limited by the speed of the beat-note detector
for the blue light.
II. SPECTRAL CONTENT OF THE
CE-SPDC OUTPUT
While the set-up described this far generates narrow-
band photons at the required frequencies, its output also
contains a significant fraction of photons in other, un-
wanted modes. We theoretically model and experimen-
tally analyse the spectral content of the CE-SPDC as
follows to design a filter capable of isolating a single emis-
sion mode.
A. Theory
The two-photon state of the CE-SPDC output can be
written as, [49, 50]
|ψ〉 =
∫
dωs
∫
dωi φ(ωs, ωi) aˆ
†
s(ωs)aˆ
†
i (ωi) |0〉 . (1)
where aˆ†s(ωs) and aˆ
†
i (ωi) are creation operators for the re-
spective frequencies, φ(ωs, ωi) is the joint spectral func-
tion (JSF) and |0〉 indicates the vacuum state. The
joint spectral intensity (JSI), |φ(ωs, ωi)|2, is simply de-
rived using the “unfolded cavity” approach described by
Jeronimo-Moreno et al. [51]. For a single-frequency
pump, this gives
|φ(ωs, ωi)|2 ∝ δ(ωp−ωi−ωs)sinc2
(
∆kL
2
)
|As(ωs)|2|Ai(ωi)|2,
(2)
where ∆k is the wave-vector mismatch in the quasi phase
matched PPKTP crystal of length L and
|A(ω)|2 ∝
[
1 +
(
2F
pi
)2
sin2
(
ω
2FSR
)]−1
, (3)
where F is the cavity finesse and  = s or i. The FSR
is the separation of adjacent longitudinal modes in linear
frequency, given by FSR = c[
∑
x n
(g)
x (p, ω, Tx)Lx]
−1,
where the sum is over the different regions (SPDC crys-
tal, tuning crystal, and air spaces) traversed in a sin-
gle round-trip, p indicates the polarization, Lx and Tx
the length and temperature of each region respectively.
n(g) = n + ωdn/dω indicates the group index, which we
compute using tabulated Sellmeier coefficients from [52].
The JSI of Equation 2 is the product of four factors
of differing selectivity: the δ-function describes exact en-
ergy conservation in the SPDC process, the sinc2 func-
tion describes the efficiency of phase-matching, which for
our crystal and wavelength has a FWHM of ≈ 150 GHz,
and the two |A(ω)|2 functions each describe a comb of
peaks, separated by the respective FSRs. The finesse of
the signal and idler, which in principle can be different,
are in fact the same for our source as we operate close to
degeneracy and there is no polarisation-dependent loss
in the cavity. Because the signal and idler FSRs are
each ≈ 0.5 GHz, roughly 300 modes of both signal and
idler can be independently contained within the phase-
matching bandwidth. However, only pairs of signal-idler
modes that satisfy energy conservation contribute to the
JSI and of these, those that do so to within a cavity
linewidth will be strongest in the JSI.
Unless specific compensation measures are taken [14],
a type-II SPDC cavity will have FSRs 6= FSRi, due to
birefringence of the nonlinear media. This FSR mismatch
provides a means to restrict the modes into which pho-
ton pairs are generated. . While it is possible to avoid
emission on neighboring modes by making the FSR mis-
match, ∆FSR, large compared to the linewidth [53], this
is not the case in our cavity. If |∆FSR| . ∆ν, there will
be significant emission into at least a few mode pairs close
to any ideally-matched pair. This gives rise to the clus-
tering effect [53–56]. The output of the CE-SPDC is in
clusters of modes which repeat with a frequency spacing
given by [54, see Eq. (25)]
∆νcluster =
FSRs FSRi
|∆FSR| . (4)
If there exists an energy-conserving mode pair ν
(l)
s =
lFSRs and ν
(m)
i = mFSRi for some l, n ∈ Z, it will
be the brightest in the cluster. Recalling that γ/(2pi) =
(FSRs + FSRi)/(2F) is the linewidth of signal and idler,
the modes ν
(l+M)
s and ν
(m−M)
i , for M ∈ Z, would
have half the brightness of ν
(l)
s and ν
(m)
i if M ∆FSR =
±γ/(4pi). The same applies to the modes ν(l−M)i and
ν
(m+M)
i . Thus we can expect the total number of modes
within the FWHM of a cluster to be
2M + 1 =
γ
4pi|∆FSR| =
FSRmean
F|∆FSR| . (5)
B. Observation of Spectral Content through
Difference Frequency Generation
Using the Sellmeier coefficients for KTP and the mea-
sured FSR of the cavity, it is possible to compute all
5the locations of the CE-SPDC clusters using Equation 2.
Such predictions are, however, reasonably sensitive to
the refractive index of the crystals, which may vary in
function of the crystal growth methods. Rather than
rely upon such predictions, we used the stimulated para-
metric down-conversion process, i.e. difference frequency
generation (DFG), to measure the parametric gain of the
CE-SPDC [57].
A V polarized locking beam at frequency νlock (reso-
nant to F = 2 to F ′ = 1 transition in 87Rb D1 line) was,
exclusively for this experiment, made to enter the cavity
in the reverse direction, i.e., opposite to the direction of
the pump, signal and idler, and detected in transmission
using PD3. The chopper was not used for this experi-
ment. The PPKTP crystal was pumped with 20 mW at
2νlock−120 MHz. About 40 mW of 795 nm light, matched
in spatial mode, polarization and direction to the signal
mode, was introduced through M4, as a seed for the DFG
process. Light exiting the cavity through M2 was split
according to polarization and detected at PD1 and PD2.
The seed frequency νseed was scanned, and DFG was ob-
served as production of H-polarised idler light.
Fig 3 shows the detected idler power seen on PD2, as
νseed was scanned by ∆νseed. The output shows a clus-
ter of modes that contained about 3 to 4 modes within
the FWHM of each cluster. The first cluster was ob-
served when νseed was scanned around 377 099.1(5) GHz,
as measured with a wavemeter. The cluster repeated
itself with a period of 70.7(5) GHz in νseed. Using Equa-
tion 4 and taking FSRmean = 496 MHz, we conclude that
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FIG. 3: Measurement of one cluster of CE-SPDC emis-
sion by DFG. Graph shows generated idler power (Pi) as a
function of the change in the input seed frequency (∆νseed)
for fixed cavity length and pump frequency. The bright-
est peak at ∆νseed = 0 is due to the simultaneous reso-
nance of νseed and νi = νp − νseed whereas other peaks at
∆νseed = ±FSRs,±2 FSRs, . . . have decreasing brightness ac-
cording to the mismatch in resonance with the corresponding
idler modes at ±FSRi,±2 FSRi, . . . A second set of peaks, in-
termediate between DFG peaks and of roughly constant am-
plitude, appear to be due to a small coupling of the seed beam
to a higher transverse mode, and are unrelated to DFG. Back-
ground level of Pi ≈ 0.008 is due to imperfect blocking of the
pump light.
a cluster spacing of 70.7 GHz occurs when |∆FSR| =
3.5(1) MHz. For modelling the JSI produced by the CE-
SPDC we took FSRmean= 496 MHz and ∆FSR = 3.5
MHz and γ = 2pi × 7 MHz.
III. FILTER CAVITY
Figure 4 is obtained by computing the JSI using Equa-
tion 2 and the parameters estimated from the DFG. As
shown in the figure, the CE-SPDC source is predicted to
produce a multi-mode output, emitting on three clusters
of ≈ 4 signal modes, with correlated emission of idler fre-
quencies. Now having an accurate picture of the spectral
content of the CE-SPDC source, it is possible to design
an FP filter that passes one of these signal modes with
efficiency approaching unity, while blocking the rest by a
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FIG. 4: Theoretical two photon JSI from CE-SPDC. The blue
solid lines of unequal height show the function |φ(ωs, ωp−ωs)|2
as a function of ωs for a constant ωp. The black thick line
shows the phase matching efficiency with the crystal tuned
such that the degenerate modes, i.e., ωi = ωs = ωp/2, are
brightest. The red lines of equal height show |Ts(ωs)|2, the
transmission of the FP filter. Graphs are plotted for the mea-
sured parameters of the bow-tie cavity, FP cavity and phase-
matching bandwidth described in the text. Top graph shows
the several clusters allowed by phase matching, with the FP
cavity set to pass only the central cluster. Bottom graph
shows closeup of the central cluster, with the FP cavity set
to pass only the central line.
6cba
FIG. 5: FP filter assembly. a) The FP filter consisting of one concave mirror, an annular spacer, and a plano mirror in face-to-
face contact is housed in a b) hollowed aluminum block and cemented around the edges with epoxy. c) Vertical cross section
of the filter assembly: aluminum box and heat sink are shown in grey, the Peltier element in red, the mirrors and spacer in
shades of blue and the insulator in orange.
large factor.
The JSI of the filtered CE-SPDC source is
|φfilt(ωs, ωi)|2 = |φ(ωs, ωi)|2|Ts(ωs)|2|Ti(ωi)|2 (6)
where the filter transmission function is
|T (ω)|2 ≈ T 2max
[
1 +
(
2FFP
pi
)2
sin2
(
ω
2FSRFP
)]−1
, (7)
and the constant T 2max ≈ 1 for a low-loss cavity and sub-
script FP refers to physical quantities for the filter. The
filter transmission can be tailored by proper choice of
FSRFP and FFP to discriminate between modes within
a cluster, and also to discriminate against clusters other
than the central cluster.
We now describe the construction of a stable,
temperature-tunable Fabry-Perot filter cavity suitable
for selecting a single signal or idler mode from the mul-
timode CE-SPDC output. The design, shown in Fig. 5,
has some similarities to previous filters for this pur-
pose [58, 59], but employs a three-element – rather than
monolithic – design to more easily achieve the desired
linewidth, FSR, and tuning properties. The cavity is
made by one plane mirror (flatness λ/20) and one con-
cave mirror with a radius of curvature of −1000 mm.
Both mirrors are of fused silica and have low loss ion
beam sputtered multi-layer dielectric mirror coatings
on the interior-facing surfaces, with nominal reflectiv-
ities 99.2% ± 0.1% at 795 nm. The mirrors are anti-
reflection (AR) coated on the exterior-facing surfaces.
A suitable separation of the two mirrors is achieved
with a borofloat annular spacer of 3.8(1) mm thickness
with a 5.5 mm diameter hole, which gives the cavity an
FSRFP of 39.4 GHz. The linewidth was measured to be
96.6(9) MHz and the on resonance transmission to be
87%. As shown in Figure 6, the discrimination achieved
by the filter would be greater than 20 dB for all non-
selected modes. If such a signal photon is used as a her-
ald, it indicates the presence of an idler photon that is
similarly single mode.
The TEM00 mode in the cavity has a beam waist at
the plane mirror, with a spot size of 125 µm. To assemble
the filter, the mirror-spacer-mirror stack is first held in
face-to-face physical contact, and then a two-component
epoxy is applied around the edges to seal the trapped air
space and provide structural rigidity. The resulting filter
cavity is highly insensitive to vibration and pressure fluc-
tuations. Finesse and transmission measurements after
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FIG. 6: Theoretical two photon JSI from CE-SPDC after the
FP filter. Graphs as in Figure 4, but |φfilt(ωs, ωp − ωs)|2 is
shown. This describes the JSI when the filter, described in
subsection 3.3, is placed in the signal arm and no filter in the
idler arm (so that |Ti| = 1 ). The contribution of unwanted
photons is 2.3 % within a window ±1 nm when the filter is
set to transmit the brightest mode from the CE-SPDC.
7one year of use show no signs of degradation. The filter
cavity is housed in a custom-built oven, constructed of an
aluminum block with a circular bore to accept the glued
mirror assembly, lined with a thermal interface pad and
with threaded aluminum end caps to hold the assembly
in place. The aluminum block is insulated with a cov-
ering of 3 cm thick extruded polystyrene and glued with
thermally conducting epoxy to a Peltier element which
in turn is glued to an aluminum heat dissipator. An
NTC thermistor embedded in the aluminum block and
the Peltier element, are used to control the oven temper-
ature, which is stabilised the same way as the crystals in
the CE-SPDC . The nonlinearity of the NTC response
results in higher resolution at lower temperatures. The
resolution is 2.5 mK at 15 ◦C, 5 mK at room temperature
and 9 mK at 40 ◦C.
The resonance of the filter can be shifted by 1 FSRFP
by changing its temperature by 31.7 K, while a 5 mK
change corresponds to a shift in resonance of 6 MHz,
based on the values for the coefficients of thermal expan-
sion viz., 3.2× 10−6 K−1 and 5.1× 10−7 K−1 respectively
for borofloat and fused silica at room temperature. Even
in the worst case scenario of having a 10 mK tempera-
ture resolution, the filter’s line-center can be tuned to
within 6 MHz of a desired νs or νi. This worst-case mis-
match implies < 1% loss of transmission relative to exact
resonance.
IV. CHARACTERIZATION OF THE
CE-SPDC OUTPUT
A. Second-order Cross-Correlation Function
We can obtain information about the mode structure
of the CE-SPDC output from the normalized second-
order cross-correlation function,
g
(2)
s,i (τ) ≡
〈E†s(t+ τ)E†i (t)Ei(t)Es(t+ τ)〉
〈E†s(t)Es(t)〉〈E†i (t+ τ)Ei(t+ τ)〉
, (8)
where E(t) is the positive frequency part of the quan-
tized field for mode  and 〈·〉 indicates the average over
time t. g
(2)
s,i (ts − ti) describes the pair correlations dis-
tribution: it is proportional to the probability density
for detecting a signal photon at time ts, conditioned on
detecting an idler photon at time ti. As described in
[48][30, 60, 61], for a type-II CE-SPDC source with res-
onant signal and idler, g
(2)
s,i (τ) has the form of a comb of
peaks spaced by the cavity round-trip time Tcav, modu-
lated by a double-exponential envelope. However, when
only a single mode of signal-idler pair is incident on the
detector, the comb structure - a consequence of multi-
mode intereference- vanishes, leaving only the double ex-
ponential envelope to define the g
(2)
s,i (τ) [48]:
g
(2)
s,i (τ) ∝
{
exp[− 12γsτ ] τ > 0
exp[ 12γiτ ] τ < 0
, (9)
where γs and γi are the cavity damping rates for signal
and idler, respectively.
To measure g
(2)
s,i (τ), we detect signal and idler pho-
tons with avalanche photodiodes (APDs with a quan-
tum efficiency of 49%), and detection events are time
tagged using a field programmable gate array (FPGA),
programmed as a time-to-digital converter (TDC) with
625 ps resolution. Results are shown in Figure 7. Fit-
ting Equation 9 to the data of Figure 7(b) gives the
cavity relaxation rates γs = 2pi × 6.9(2) MHz and γi =
2pi × 6.3(1) MHz. The linewidth of the correlated pho-
tons is thus 4.3(4) MHz following [48]. We measure a pair
brightness of 180 coincidences/s/mW and a heralding ef-
ficiency of 9%. Correcting for the quantum efficiency of
the APDs, we have 367 pairs/s/mW of correlated photons
available in fiber for interaction with cold atoms and an
18% probability of having a photon in fiber, on detecting
a herald. When the filter is introduced the comb struc-
ture is washed out from the g
(2)
s,i (τ). This indicates the
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FIG. 7: Measurement of the signal-idler cross correlation.
We plot the un-normalised cross correlation function G
(2)
s,i (τ).
a) Signal-idler coincidence time distribution from the CE-
SPDC source. The interference between the multimode com-
ponents results in a comb of peaks separated by the cavity
round-trip time Tcav ≈ 2 ns, clearly resolved by the 1/625 ps
TDC time resolution. b) The same distribution measured on
CE-SPDC output with FP filter on the signal channel. Ab-
sence of oscillations indicates absence of emission on modes
spaced by less than 1/625 ps = 1.6 GHz.
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FIG. 8: Singles detection of signal photons as FP filter resonance is scanned. The CE-SPDC is pumped with 4 mW and tuned
such that, in the brightest cluster, signal photons are resonant to the F = 2 to F ′ = 1 transition of 87Rb. The signal photons
are passed through the FP filter and a Rb vapor cell and detected with an APD. Filter temperature is scanned in steps with
4 s acquisition at each temperature. Red filled region shows observed singles with the vapor cell at room temperature. Due to
the 39.4 GHz FSR of the filter cavity, the three clusters within the SPDC bandwidth are visible in this scan of width ≈ 21 GHz
(see text). Blue curve shows singles with the vapor cell at 90 ◦C. The modes from the brightest cluster are blocked by atomic
absorption, with the singles count dropping to the background level. In contrast, the other two clusters are unaffected.
absence of JSI frequency components detuned from the
majority mode by less than 1.6 GHz (the inverse of the
625 ps time resolution), as expected from the predicted
filter behavior.
B. Analysis of CE-SPDC spectral content
We further analyse the spectral content of the CE-
SPDC output by measuring the singles as the filter is
scanned in frequency. For this measurement, the CE-
SPDC is set to generate signal photons resonant to the
F = 2 to F ′ = 1 transition in 87Rb. The signal pho-
tons are collected, filtered through the tuneable filter,
passed through a room temperature natural abundance
Rb vapour cell with internal length 10 cm , and sent to an
APD for counting. The temperature and thus the reso-
nance frequency of the filter is swept to give the spectrum
of the signal photons as shown in the red filled plot in
Figure 8.
The scan of the cavity, which covers about 11 GHz on
either side of the F = 2 to F ′ = 1 transition, nonetheless
shows the three clusters, predicted by theory to be found
−70 GHz, 0 GHz and 70 GHz relative to this atomic line;
see Figure 4. The clusters are aliased into the range of
the scan by multiples of the 39.4 GHz FSRFP. In this
way, the cluster at 70 GHz, e.g., is expected to appear at
70− 2× 39.4 = −8.8 GHz, and indeed a cluster is seen at
this detuning.
Because the phase matching was optimised for signal
photons at the F = 2 to F ′ = 1 transition in 87Rb, the
central mode of the brightest cluster should correspond
to this frequency. To verify this, we heat the cell to 90 ◦C
and thereby induce an atomic density sufficient to com-
pletely block light resonant to the F = 2 → F ′ = 1 and
2 transitions in 87Rb, and F = 3 → F ′ = 2 and 3 tran-
sitions in 85Rb (checked by measuring the transmission
of coherent light of ∼ 1 mW). These transition, spaced
apart by 816, 702 and 361 MHz, with their individual
Doppler broadened linewidths of ≈ 550 MHz, effectively
block light within a 3 GHz window. The transmission of
the other clusters remains unaffected. It is also notewor-
thy that the attenuated portion of the spectrum drops
to the background level. This shows that any “junk pho-
tons” (i.e., not from the desired cavity mode) that pass
the filter must be within the spectral range blocked by
the vapor. In combination with the g
(2)
s,i (τ) results above,
which show no junk photons within ±1.6 GHz of the de-
sired mode, this proves single-mode emission to within
the sensitivity of these measurements.
C. Atomic Spectroscopy with CE-SPDC photons
To test the independent tuneability of the CE-
SPDC signal and idler, we performed single-photon spec-
troscopy on the same Rb vapor cell of 10 cm length.
The cell was heated to 40 ◦C, a temperature at which
the absorption at different transitions can be clearly dis-
tinguished. For reference, a spectrum under the same
conditions was taken with 6 µW of laser light. This low
power was chosen to avoid saturation of the spectrum by
optical pumping.
For each measurement, we tune the signal, idler and
pump frequencies using the techniques described in sec-
tion I B: νlock, and thus νs, is set to a feature of the D1
saturated absorption spectrum of either one of the rubid-
ium isotopes. νi is set to νs + ∆ν with ∆ν = 250 MHz or
−170 MHz by temperature tuning of the tuning crystal.
The pump is locked to 2νs+∆ν to satisfy energy conser-
vation. Either signal or idler, filtered with a tunable filter
(as in section III) which is tuned to pass the correspond-
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FIG. 9: Atomic vapor spectra acquired with CE-SPDC pho-
tons. Black curves show measured transmission of a weak
laser through a heated, natural-abundance vapor cell. Vio-
let curves show saturated absorption spectrum (right axes)
with another cell for reference. Red disks and blue trian-
gles show signal and idler transmission, respectively, through
the heated cell. Each data point corresponds to an acquisi-
tion time of 12 s at 4 mW pump power, which yielded roughly
20,000 detections in transparent regions of the spectrum. The
CE-SPDC photons were tuned as described in section I B and
filtered to single-mode as described in section III. When pos-
sible, νs was stabilized to a feature of the saturated absorp-
tion spectrum, while νi was stabilized to a) νs + 250 MHz
or b) νs − 170 MHz. At the edges of the spectrum νs was
not actively stabilized, and horizontal error bars indicate the
uncertainty in the estimated frequency of the lock light and
consequently the signal/idler photons. Poisson distributed
noise in the detected photons would contribute vertical error
bars smaller than the symbols and are not shown.
ing frequency, is passed through the vapour cell and de-
tected with an APD. A beamsplitter and auxiliary APD
before the cell are used for a simultaneous measurement
of the source brightness. The measured background, i.e.
APD counts with the SPDC turned off by blocking the
pump, is subtracted, and the singles rate normalized by
the measured brightness to obtain the cell transmission.
The cell transmission thus defined is calibrated by tun-
ing the CE-SPDC source far from resonance, where the
absorption is negligible. As shown in Figure 9, we mea-
sured the transmission for signal photons, and for their
corresponding idlers, at seven different frequencies for
each of the two different values of ∆ν. The results show
good quantitative agreement with the absorption spec-
trum as measured by a laser. This demonstrates both
the ability to generate correlated, independently-tunable
photon pairs with MHz precision, and single-mode oper-
ation even as these photons are tuned over a wide range.
V. CONCLUSION
We have described a source for tuneable narrowband
correlated photon pairs, each of which can be matched
to the same or different transitions in the rubidium spec-
trum. The photon source is a type-II phase matched
nonlinear crystal within a doubly-resonant optical para-
metric oscillator operated far below threshold. The tune-
ability is achieved by altering the birefringence using an
additional crystal, thereby exerting control over the rela-
tive phase between the downconverted photons. A single
spectral mode is selected using a tuneable filter. The op-
erating principles behind our system can be readily ex-
tended to produce photons suitable for interaction with
other atomic/molecular/ionic species, solid state quan-
tum memories, NV centers or combinations of these with-
out the need for frequency conversion. Because of the
type-II phase matching and the freedom on the spectral
properties, the photons from our source can be easily en-
tangled in the polarisation/frequency degrees of freedom,
making them suitable for quantum networking applica-
tions such as entangling different material systems. This
versatile source, capable of producing both correlated
and indistinguishable photons, will also open up possi-
bilities to explore new aspects of matter-induced non-
linearity at the single photon level and exotic quantum
interference effects [62, 63].
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